Intestinal diseases caused by bacterial infection, such as the infection caused by Escherichia coli O157:H7, are major threats to public health (40) . It is imperative to fully understand how the pathogens that cause these diseases are transmitted, propagate, and cause disease in the host. During transmission, pathogens likely have to survive many stresses, including environmental stresses (e.g., nutrient limitation) and host internal stresses (e.g., acidic exposure in the stomach and host defense), implying that stress response systems are important. One of the most important regulators in the stress response is RpoS, an alternative sigma factor of RNA polymerase that is present primarily in gammaproteobacteria, including E. coli and Salmonella (11, 20) .
RpoS is important for cell survival in stress conditions, such as oxidative stress and exposure to acid, in many pathogens, including Salmonella sp. (15) , Vibrio cholerae (59) , Pseudomonas aeruginosa (50) , and Yersinia enterocolitica (22) . However, RpoS has distinct roles in the pathogenesis of these organisms. RpoS is essential for virulence in Salmonella (15) and is important for the invasion of brain microvascular endothelial cells in E. coli K1 strains (55) , but it is not required for virulence in P. aeruginosa (50) and Y. enterocolitica (22) . The effects of RpoS on virulence may also differ within a species. For example, RpoS has been found to be either important (35) or not required (26, 59) for colonization of the mouse intestine by V. cholerae. This discrepancy is likely caused by differences in strain backgrounds or animal models. Although rpoS mutants of E. coli outcompete wild-type cells during competitive colonization in the mouse large intestine (27) , the role of RpoS in the enteropathogenesis of E. coli has not been clearly resolved yet due to the lack of an effective animal model. The human pathogens enteropathogenic E. coli (EPEC) and enterohemorrhagic E. coli (EHEC) do not cause severe disease in mice (36, 37, 58) .
Citrobacter rodentium is a natural mouse pathogen that causes colonic hyperplasia and diarrhea (37) . Similar to EPEC and EHEC strains in humans, C. rodentium utilizes attaching and effacing (A/E) lesions, induced by genes on the locus of enterocyte effacement (LEE) pathogenicity island, to colonize the large intestine of its host (37) . The LEE island carries 41 open reading frames that are organized into five polycistronic operons encoding a type III secretion system and virulence factors essential for virulence (9) . Expression of LEE genes is controlled by three LEE-encoded global regulators, Ler (the major regulator), Orf11 (GrlA; the Ler activator), and Orf10 (GrlR; the Ler repressor) (9) .
Compared with the extensive information available regarding RpoS in E. coli, little is known about RpoS in C. rodentium. In this study, we examined the role of RpoS in the virulence of C. rodentium, which may help us understand the physiological function of stress response genes in human intestinal diseases caused by enteric bacteria.
MATERIALS AND METHODS
Media and growth conditions. Cultures were grown in Luria-Bertani (LB) broth or on LB plates with 1.5% agar. In the cell motility assay, 0.3% agar was used for LB plates. Samples isolated from the mouse colon were plated on brilliant green agar (BGA) (Oxoid, Nepean, Ontario, Canada), an indicator medium that differentiates C. rodentium from E. coli and other bacteria. Cell growth was monitored spectrophotometrically at 600 nm. When necessary, antibiotics were added at the following concentrations: ampicillin, 200 g/ml; and chloramphenicol, 30 g/ml. To visualize the RDAR (red, dry and rough) mor-photype, an indicator of production of extracellular components such as curli and cellulose (42, 43) , cells were streaked on RDAR plates (non-salt-containing LB medium with 1.5% agar, 40 g/ml of Congo red dye, and 20 g/ml of Coomassie blue R-250) and incubated at 25°C for 48 h (2).
Construction of an rpoS::cat mutant of C. rodentium. A precise rpoS deletion mutant of C. rodentium was constructed using the Red recombination method (8) . The rpoS sequence was retrieved from the genome sequencing project for C. rodentium (http://www.sanger.ac.uk/Projects/C_rodentium/). The rpoS gene was replaced by homologous recombination with the cat chloramphenicol resistance gene, which was amplified using the pKD3 plasmid (template) and primers FP1 (CCTCACAGAGACTGGTCTTTTCTGATGGAACGGT GCGTGTAGGCTGGAGCTGCTTC) and RP1 (GCTTGTTTTGTCAAGG GATCACGGGTAGGAGCCACCTTCATATGAATATCCTCCTTAG).
Native polyacrylamide gel electrophoresis (PAGE) for catalase activity. Cultures were grown in LB broth aerobically at 37°C to an optical density at 600 nm (OD 600 ) of 0.3 (exponential phase) and to an OD 600 of 1.5 (stationary phase), harvested by centrifugation at 4,000 ϫ g for 15 min at 4°C, and washed three times in potassium phosphate buffer (50 mM, pH 7.0). Cell extracts were prepared by sonication for 5 min at 4°C using a Heat Systems sonicator (Misonix, Inc.). Cell debris was removed by centrifugation for 15 min at 12,000 ϫ g at 4°C. The protein concentration was determined by the Bradford assay using bovine serum albumin as a standard (3) . Ten micrograms of each protein sample was loaded on a 10% native polyacrylamide gel and resolved by electrophoresis at 160 V for 50 min. The gel was then stained to determine catalase activity using horseradish peroxidase and diaminobenzidine (6, 46) . Parallel gels were stained with Coomassie blue R-250 to verify equal protein loading.
Resistance to H 2 O 2 and exposure to heat. Cell resistance to H 2 O 2 and heat was tested as described previously (31) . Stationary-phase LB medium cultures were washed with 0.9% NaCl and resuspended to obtain densities of 10 8 and 5,000 cells/ml for the H 2 O 2 and heat exposure experiments, respectively. Viable cells were enumerated by serial dilution plating on LB media. Survival was quantified by determining the ratio of the number of viable cells after treatment to the starting number of cells.
In vitro competition. Equal volumes of overnight LB medium cultures (25 ml) of the wild type and rpoS mutants (chloramphenicol resistant) were mixed together, incubated at 37°C at 200 rpm, and sampled daily for 6 days. Numbers of CFU were determined by serial dilution plating on LB media and LB media with chloramphenicol. The competitive index was calculated as follows: (output mutant CFU/output wild-type CFU)/(input mutant CFU/input wild-type CFU).
In vivo colonization and competition. All experiments using mice were performed in accordance with Canadian Council on Animal Care guidelines. Female 6-to 8-week-old C3H/Hej mice were purchased from Jackson Laboratory (Bar Harbor, ME). Groups of five mice were infected by oral gavage with 1 ϫ 10 8 CFU of wild-type C. rodentium, an rpoS mutant, or a mixture (1:1) of the wild type and the rpoS mutant. Mice were sacrificed on day 6 postinfection. The colon of each animal was homogenized in 1 ml ice-cold phosphate-buffered saline, and the number of CFU was determined by serial dilution plating on selective BGA. Colonies were replica plated on BGA plates containing chloramphenicol for enumeration of rpoS mutants.
Survival analysis. To test whether RpoS is required for virulence, C3H/Hej mice were inoculated with 1 ϫ 10 8 CFU of the wild type or an rpoS mutant by oral gavage (9) and were euthanized when they had lost of 20% of their body weight.
Quantification of expression of the LEE genes by qPCR. Expression of the LEE genes was quantified by performing quantitative PCR (qPCR) using an Mx3000P qPCR system (Stratagene, La Jolla, CA). Cultures used for RNA isolation were prepared as described previously (10) . Briefly, the wild type and rpoS mutants were inoculated into LB medium in triplicate, incubated aerobically at 37°C overnight, subcultured (1:50 dilution) in Dulbecco modified Eagle medium (DMEM), and grown in the presence of 5% CO 2 at 37°C to an OD 600 of 0.7. RNA samples were extracted using acidic hot phenol, purified using NucleoSpin RNA II (Clontech, Palo Alto, CA), and reverse transcribed to obtain cDNA using the murine leukemia virus reverse transcriptase (NEB, Beverly, MA). A serial dilution of genomic DNA of C. rodentium was used as a standard for quantification. The rrsA gene, encoding the 16S RNA, was used as an endogenous control to normalize RNA quantity (12, 47) .
LEE protein secretion assay. Protein secretion by E. coli and C. rodentium was examined as described previously (10) . Cultures were grown in triplicate in DMEM in the presence of 5% CO 2 at 37°C to an OD 600 of 0.7 and centrifuged twice at 12,000 ϫ g for 10 min to completely remove cells from the supernatants. The supernatants were precipitated with 10% trichloroacetic acid, and the resultant protein pellets were dissolved in Laemmli sodium dodecyl sulfate loading buffer (30) . Proteins were then resolved by 10% sodium dodecyl sulfate-PAGE and stained with Coomassie blue.
Phylogenetic analysis and sequence alignment. The rpoS sequences were retrieved from the genome project for C. rodentium at the Sanger Institute and GenBank. Sequences were aligned using ClustalW (51). A phylogenetic tree was then generated by the neighbor-joining method (44) with bootstrap analysis (1,000 iterations).
RESULTS
RpoS is conserved in C. rodentium and E. coli. RpoS, an important stress response regulator, has been found in about 30 bacterial genera, primarily members of the class Gammaproteobacteria (11, 19) . It is particularly interesting that RpoS is present in many human pathogens. The rpoS gene is highly variable (17, 41) . In different strains of E. coli, rpoS polymorphisms are common (1, 5, 17, 21) . Thus, we first examined the evolutionary relationship of rpoS in C. rodentium and several representative pathogens. As expected, C. rodentium rpoS is very similar to E. coli rpoS and distinct from the rpoS genes of P. aeruginosa and V. cholerae (Fig. 1) . The rpoS genes of E. coli O157:H7 strain EDL933 and C. rodentium exhibit 92% sequence identity. All but three variant sites contain synonymous mutations, and the RpoS protein sequences differ only in three amino acids (E19D, G21R, and D243R). To avoid the possibility that the observed differences between C. rodentium and E. coli are due to genome sequencing errors that have been reported previously for E. coli strains (7, 18), we sequenced the rpoS region of C. rodentium independently, and the results were consistent with the C. rodentium genome sequence.
RpoS is important for resistance to H 2 O 2 and exposure to heat. Because of conservation of the rpoS gene in E. coli and C. rodentium, we expected RpoS in C. rodentium to play a role in stress response similar to its role in E. coli. To test this hypothesis, we examined the effect of the rpoS mutation on the survival of cells exposed to oxidative stress and heat (Fig. 2) 2) . Under heat stress conditions, although the viability of both the wild type and rpoS mutants decreased, the number of CFU of the wild type was about 100-fold higher than the number of CFU of the rpoS mutants after 7 min of exposure. These results show that RpoS is required for both oxidative resistance and heat tolerance in C. rodentium. Expression of catalase HPII (KatE) is highly RpoS dependent. In E. coli, there are two catalases, HPI encoded by katG and HPII encoded by katE, which protect cells from oxidative stress. Expression of katE is highly RpoS dependent (45) . Since RpoS is critical for the oxidative response in C. rodentium, we examined the effect of RpoS on catalase production. Genes homologous to E. coli katG and katE were found in the C. rodentium genome using the BLAST algorithm (data not shown). Native PAGE analyses of the catalases showed that catalase HPII was induced in stationary phase (Fig. 3) . HPII (KatE) was the major catalase expressed under the conditions investigated and was highly RpoS dependent.
Effect of RpoS on the RDAR morphotype, an important trait for virulence. Production of extracellular components, such as curli fimbriae and cellulose, is important for cell attachment in the pathogenesis of E. coli and Salmonella, and it is positively regulated by RpoS (42, 43, 53) . The expression of curli and cellulose can be visualized by growing cells at room temperature on RDAR plates, which results in a specific RDAR colony phenotype termed the RDAR morphotype. This morphotype is positively correlated with virulence (54) . To test whether the RDAR morphotype is produced and/or controlled by RpoS in C. rodentium, the wild type and isogenic rpoS mutants were plated on RDAR plates and incubated at room temperature for 48 h. E. coli O157:H7 strain EDL933 and isogenic rpoS mutants of this strain were also included for comparison. Development of the RDAR morphotype was impaired in the E. coli rpoS mutants, consistent with previous findings (43) (Fig.  4) . Wild-type C. rodentium exhibited a more pronounced RDAR morphotype than the rpoS mutants, indicating that the RDAR morphotype is positively regulated by RpoS.
Mutation in rpoS confers a growth advantage in vitro and in vivo. rpoS mutants of E. coli have a growth advantage in stationary phase, a phenotype designated growth advantage in stationary phase (GASP) (60, 61) . To test whether rpoS mutants of C. rodentium also exhibit the GASP phenotype, we monitored changes in the cell population in a 1:1 mixture of overnight LB medium cultures of the wild type and rpoS mutants in vitro. The rpoS mutants dominated the coculture in about 24 h (Fig. 5) . After 3 days of incubation, more than 90% of living cells in the mixture were rpoS mutants. During this time, the total number of CFU dropped dramatically from about 10 8 cells/ml (day 0) to about 10 4 cells/ml (day 6). We then tested whether rpoS mutations confer a growth advantage in vivo in the mouse colon, a more complex environment than the in vitro environment. Mice were infected with a 1:1 mixture of the wild type and rpoS mutants. The results showed that the rpoS mutants outcompeted wild-type C. rodentium at day 6 ( Fig. 6 ) and that the average competitive index was 5.9 (geometric mean), indicating that rpoS mutants have a growth advantage in vivo as well. Unlike the in vitro results, the number of CFU in the mixture remained similar (10 8 to 10 9 cells per colon) to the number of CFU in the initial inoculum. To test whether RpoS is important for colonization in the colon, mice were infected with either wild-type or rpoS mutant strains and colon samples were taken at day 6. The number of CFU per colon infected with wild-type cells was (Fig. 6 ). These results indicate that RpoS of C. rodentium may be beneficial for colonization but is likely a disadvantage for competition in the colon (see the Discussion). Colonic hyperplasia, a typical symptom of C. rodentium infection, was observed in mice infected with either the wild type or rpoS mutants, suggesting that the cause of C. rodentium-induced mortality was the same for both groups.
Because of the important role of RpoS in the stress response, it is also possible that the difference in colonization was because wild-type cells survived better than rpoS mutant cells during passage through the gastrointestinal tract. However, this is not likely since the number of bacteria in mouse stools (CFU/g) after 5 h of infection was the same for the wild type and rpoS mutants (data not shown).
RpoS controls the expression of the LEE genes. The type III secretion system and virulence factors such as Tir and Eae on the LEE island are important for colonization through the formation of A/E lesions (9, 10). We therefore examined the role of RpoS in LEE expression. For E. coli, there are conflicting reports regarding the effect of RpoS on expression of the LEE genes, which may be due to differences in the strains and conditions tested. It has been shown that RpoS positively controls the expression of the LEE3 operon and of Tir (48) . However, expression of the LEE genes has also been reported to be negatively regulated by RpoS (23, 28, 52) .
Using LEE induction conditions (5% CO 2 , 37°C, DMEM) (24), we examined the transcription of representative genes in each of the five LEE operons, including genes encoding three LEE regulators, Ler, GrlA, and GrlR, by qPCR. The levels of transcription of all genes tested were higher in the wild type than in the rpoS mutants (Fig. 7) , although the RpoS effect seemed to be moderate (less than twofold difference). The similar expression ratios of these LEE genes may have been the result of the global regulatory effects of Ler, GrlA, and GrlR (9, 14, 34) .
Many LEE genes encode either the type III secretion apparatus or secreted virulence effectors, and the secreted protein profile of wild-type C. rodentium has been characterized previously (9) . We tested the effect of RpoS on LEE protein secretion. In E. coli O157:H7, the secretion of LEE factors is negatively controlled by RpoS (23) . In this study, we included E. coli O157:H7 strain EDL933 and an rpoS knockout mutant of this strain in our assay as a control (Fig. 8) . Consistent with previous reports, the secreted protein profile of rpoS mutants was enhanced in E. coli. However, in C. rodentium, there were more secreted proteins in wild-type cultures than in the rpoS mutant cultures, although the difference was moderate, consistent with the transcription results. The wild type and rpoS mutants of C. rodentium grew similarly in DMEM with generation times of ϳ76 min. Therefore, it is unlikely that the difference in LEE expression results from a difference in growth.
RpoS is required for full virulence. Many genes on the LEE island are essential for virulence (9) . Some non-LEE-encoded virulence effectors also require the LEE type III secretion system for delivery to the host (57) . In addition, the RDAR morphotype is associated with increased virulence in E. coli FIG. 5 . Competition between the wild type and rpoS mutants in vitro. Equal volumes of overnight cultures of the wild type and rpoS mutants were mixed and incubated aerobically at 37°C. The numbers of CFU were determined by serial dilution plating on LB medium (LB medium containing chloramphenicol for rpoS mutants). The competitive index (CI) was calculated as follows: (output rpoS mutant CFU/ output wild-type CFU)/(input rpoS mutant CFU/input wild-type CFU). CFU represents the total count of bacteria.
FIG. 6. Colonization and competitive index for the wild type and rpoS mutants of C. rodentium. C3H/Hej mice were infected by oral gavage with 10 8 CFU of the wild type, rpoS mutants, or a 1:1 mixture of the wild type and rpoS mutants (CI data). Mice were sacrificed at day 6 after infection. The colon of each animal was homogenized in 1.0 ml of phosphate-buffered saline, and the number of CFU was determined by serial dilution plating on BGA. Each symbol indicates the data for one animal. WT, wild type; rpoS, rpoS mutant.
FIG. 7.
Expression of the LEE genes in the wild type and rpoS mutants of C. rodentium. RNA samples were extracted from cultures grown in triplicate in DMEM to an OD 600 of 0.7 in the presence of 5% CO 2 at 37°C. Differential gene expression was determined by qPCR and is expressed as the ratio of the wild type to the rpoS mutant. WT, wild type; rpoS, rpoS mutant.
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DONG ET AL. INFECT. IMMUN. (54) . Because of the positive effect of RpoS on LEE expression and RDAR morphotype development, RpoS may play an important role in virulence in C. rodentium. To test this hypothesis, we performed a survival analysis using C3H/HeJ mice, a strain highly susceptible to C. rodentium infection. Although rpoS mutants were still lethal to C3H/HeJ mice, mice infected with rpoS mutants survived significantly longer than mice infected with the wild type (P ϭ 0.003, Wilcoxon test), indicating that the virulence of C. rodentium is attenuated by rpoS mutation (Fig. 9 ).
DISCUSSION
Infection of mice by C. rodentium provides a robust model to examine enteropathogenesis and the interaction between the pathogen and its natural host under physiological conditions (9, 37, 58) . Because C. rodentium utilizes the same A/E lesions as EPEC and EHEC strains, two classes of serious human pathogens, to initiate infection (37) , results obtained with C. rodentium may be relevant to E. coli pathogenesis in humans.
Here we used C. rodentium to examine the role of RpoS in virulence under physiological conditions. Our results show that both the sequence and the function of RpoS are conserved in E. coli and C. rodentium. RpoS positively regulated the expression of LEE genes and the development of the RDAR morphotype. Although rpoS mutants caused lethality in mice, there was a significant delay in both the onset of disease symptoms and lethality in infected mice. Thus, RpoS is important for full virulence of C. rodentium. This phenotype is similar to that caused by mutations in several LEE virulence genes (e.g., rorf1, espF, and cesF), which result in a 2-to 3-day increase in survival of infected mice (9) .
RpoS controls a large regulon consisting of 10% of the genome in E. coli (29, 39, 56) . We expect that the RpoS regulon in C. rodentium is a similar size, since C. rodentium and E. coli are closely related (37) . Because rpoS mutations have pleiotropic physiological effects in E. coli, we cannot be sure that a single RpoS-controlled gene accounts for the observed virulence. It is likely that the attenuated virulence of rpoS mutants in vivo may be due to decreases not only in virulence factor expression but also in other RpoS-controlled functions. In this study, we found that the levels of expression of the LEE genes were higher in wild-type C. rodentium in vitro. Since the LEE genes code for functions essential for virulence, decreased expression of the LEE genes in rpoS mutants may, at least in part, contribute to the longer survival of mice infected with rpoS mutants than of mice infected with wild-type C. rodentium. However, other non-LEE RpoS-regulated genes that have not been identified or tested yet may also contribute to virulence. Further studies are required to examine gene expression at the genomic scale to fully understand the role of RpoS during infection.
Flagella are essential for Salmonella pathogenesis in vivo (49) , while E. coli mutants deficient in flagellum synthesis colonize the mouse intestine much better than the wild type (32) . The level of expression of flagellum genes is higher in E. coli rpoS mutants (13, 39) . We considered the possibility that flagella may be differentially expressed in the C. rodentium wild type and rpoS mutants as well, and this might have also contributed to the observed difference in colonization. However, this does not appear to be the case. Both the wild type and rpoS mutants of C. rodentium were nonmotile on soft agar plates (data not shown). The loss of motility in C. rodentium may contribute to the fact that it is better able to colonize the mouse colon than E. coli.
It seems paradoxical that, although RpoS was important for C. rodentium colonization, rpoS mutants had a substantial growth advantage over the wild type and predominated in cocolonization experiments (this study). Our results, however, are consistent with the results of a previous study in which the effect of RpoS on colonization was examined by using a nonpathogenic model with the E. coli BJ4 strain in mice (27) . The finding that rpoS mutants outcompete the wild type in vivo is similar to the previously reported in vitro GASP growth phenotype of E. coli (60, 61) . During in vitro growth in stationary phase, although RpoS is critical for long-term survival (31) , rpoS mutants are dominant in mixed cultures with wild-type cells (61) . The growth advantage of rpoS mutants may be explained by the sigma factor competition model (16, 17, 38) . Sigma factors compete for a limited number of RNA core polymerase molecules, and mutations in rpoS may thus increase the number of molecules of RpoD-associated polymerase, the housekeeping sigma factor, thus increasing the transcription of many housekeeping genes that are important for nutrient scavenging in a nutrient-limiting environment. ever, growth in the mouse colon is quite different from growth in vitro. We found that the size of the population of bacteria in the colon did not decrease drastically after infection (as it did in in vitro experiments) but rather remained constant, suggesting that nutrients in the colon are not limiting but are sufficient to support a stable population. In contrast, the viability of both the wild type and rpoS mutants rapidly decreased to 0.1% (for the wild type) or 0.001% (for rpoS mutants) during in vitro growth. How can rpoS mutants outcompete wild-type cells? There are at least two possible explanations. First, since RpoS is known to negatively regulate the expression of a large set of genes, including the genes involved in the tricarboxylic acid cycle (39) , rpoS mutants may produce a factor, such as a secondary metabolite, that inhibits growth of the wild type. Alternatively, it is possible that rpoS mutants can utilize key limiting nutrients better than wild-type cells (25) , perhaps through increased nutrient transport (25, 33) .
In conclusion, this study showed that RpoS is important for full virulence in C. rodentium in its natural host. Because of the high levels of similarity of the sequence and function of RpoS in C. rodentium and E. coli, the use of a C. rodentium-mouse model is well suited to examination of the role of RpoS in enteropathogenesis in future studies. The effect of RpoS on LEE gene expression was found to be different in C. rodentium and E. coli O157:H7, suggesting that C. rodentium-specific factors are involved. Since whole-genome profiling has been successfully used to investigate carbon source utilization during E. coli colonization (4), it would be interesting to use microarrays to examine the expression of RpoS-regulated genes during C. rodentium infection in order to determine what kind of stresses bacteria may encounter during growth and pathogenesis or when they encounter the stresses, as well as to fully understand how RpoS functions in vivo.
